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Effect of hypercapnic acidosis on renal excretion in the dog. Im-
paired renal water excretion has been observed in patients with
hypercapnic acidosis. We therefore induced hypercapnic acido-
sis (Pco2, 25 to 70 mm Hg, P < 0.001; pH, 7.43 to 7.05, P <
0.001) in anesthetized dogs undergoing water diuresis. Renal per-
fusion pressure was kept constant in all studies. Hypercapnic
acidosis resulted in a significant fall in mean arterial pressure
(MAP, 147 to 128 mm Hg, P <0.001) and significant increases in
cardiac output (3.9 to 4.7 liters/mm, P < 0.05). Renal vascular
resistance (RVR, 0.49 to 0.76 mm Hg/mI/mm, P < 0.01) and fil-
tration fraction (FF, 0.27 to 0.33, P < 0.005) rose as GFR re-
mained constant. The increases in RVR and FF were abolished
by renal denervation. An antidiuresis, however, occurred with
hypercapnic acidosis in both innervated (Uosm, 107 to 510 mOsm!
kg H20, P < 0.001) and denervated (Uosm, 85 to 379 mosmlkg
H20, P <0.001) kidneys. This antidiuresis was associated witha
significant increase in radioimmunoassayable arginine vasopressin
(AVP, 0.2 to 3.4 U/ml, P <0.005). In a separate group of dogs,
prevention of the fall in MAP during hypercapnic acidosis with a
norepinephrine infusion did not prevent either an antidiuresis
(U0, 100 to 465 mOsmlkg H20, P < 0.005) or an increase in
AVP (0.2 to 2.8 U/ml, P <0.005). Hypophysectomy eliminated
hyperapnic acidosis associated increases in AVP (0.1 to 0.1 p.UI
ml, NS) and U0sm in denervated (75 to 86 mOsmlkg H20) but not
innervated (81 to 133 mosm/kg H20, P < 0.05) kidneys. In an-
other group of hypophysectomized dogs, hypercapnic acidosis
did not potentiate the antidiuretic effect of exogenous AVP.
These results indicate that hypercapnic acidosis results in an
antidiuresis predominately through release of AVP, and this re-
lease of AVP occurs independent of a decrease in MAP. Hyper-
capnic acidosis also exerts an AVP-independent antidiuretic ef-
fect mediated by renal nerves.
Effet de l'acidose hypercapnique sur l'excrétion rénale d'eau
chez le chien. Un deficit de l'excrétion rénale d'eau a été observe
chez les malades en acidose hypercapnique. Nous avons donc
déterminé une telle acidose (Pco2 de 25 a 70 mm Hg, P < 0,001
et pH de 7,43 a 7,05, P < 0,001) chez des chiens anesthésiés
soumis a une diurèse aqueuse. La pression de perfusion rénale a
été maintenue constante au cours de toutes les etudes. L'acidose
hypercapnique a détermind une diminution significative de Ia
pression artérielle moyenne (MAP, 147 a 128 mm Hg, P <0,001)
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et une augmentation significative du debit cardiaque (de 3,9 a 4,7
litres/mm, P <0,05). La résistance vasculaire rénale (RVR, 0,49
a 0,76 mm Hg/mI/mm, P <0,01) et Ia fraction filtrée (FF, 0,27 a
0,33 P < 0,005) ont augmenté alors que le debit de filtration
glonierulaire restait constant. L'augmentation de RVR et de FF
est supprimée par Ia dénervation rénale. Une antidiurése sur-
vient cependant en méme temps que l'acidose hypercapnique
aussi bien pour les reins innerves (Uom de 107 a 510 mOsmlkg
H20, P < 0,001) que pour les reins dénervés (U0 de 85 a 379
mOsmlkg H20, P <0,001). Cette antidiurése est associée a une
augmentation significative de l'arginine vasopressine immuno-
reactive (AVP, 0,2 a 3,4 UIml, P < 0,005). Dans un autre
groupe de chiens Ia prevention de La chute de MAP au cours de
l'acidose hypercapnique au moyen d'une perfusion de norépi-
néphrine n'a empéche ni l'antidiurèse (Uosm, 100 a 465 mOsm/kg
H20, P < 0,005) ni l'augmentation de l'AVP (0,2 a 2,8 UIml,
P <0,005). L'hypophysectomie dlimine les augmentations asso-
ciées a l'acidose hypercapnique de I'AVP (0,1 a 0,1 U/ml, NS)
et de Usm pour les reins dénervés (75 a 86 mOsm/kg H20) mais
non pour les reins innervés (81 a 133 mOsm/kg H20, P <0,05).
Dans un autre groupe de chiens hypophysectomisés, I'acidose
hypercapnique ne potentialise pas l'effet antidiurétique de l'AVP
exogène. Ces résultats indiquent que l'acidose hypercapnique a
pour consequence une antidiurése dont Ia cause essentielle est
une liberation d'AVP et que cette liberation d'AVP survient in-
dépendamment de La diminution de MAP. L'acidose hyper-
capnique exerce aussi des effets antidiuretiques, indépendants
de l'AVP, par l'intermédiaire des nerfs rénaux.
The effect of hypercapnic acidosis on renal Water
excretion has not been clearly delineated. Previous
investigators [1-5] have emphasized that patients
with chronic obstructive pulmonary disease are un-
able to normally excrete a water load. Furthermore,
this defect in renal water excretion has been corre-
lated with the degree of hypercapnia [2, 4]. Patients
with chronic lung disease, however, are often hy-
poxic as well as hypercapnic and frequently have
significant cardiac compromise. Thus, the role of
hypercapnic acidosis itself on renal water excretion
is difficult to assess from clinical studies alone.
The induction of hypercapnic acidosis in normal
man and in experimental animals has been associat-
ed with both an increase [6, 7] and a decrease [8—10]
in urine flow. The variability of the effect of hyper-
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capnic acidosis on urine flow may be related to the
differing degrees of induced hypercapnia [11], asso-
ciated changes in extracellular pH [12], alterations
in renal or systemic hemodynamics [8—12], or the
presence of coexisting hypoxia [13]. In view of
these contradictory findings, the present study was
undertaken to determine the effect of hypercapnia
on renal water excretion in a setting in which P02
was maintained constant and systemic and renal he-
modynamic parameters were monitored.
Methods
Studies were performed on 47 mongrel dogs of
either sex weighing 20 to 35 kg. Food was withheld
for 18 hours prior to the experiment, but all animals
had free access to water. The dogs were anesthe-
tized with pentobarbital (20 to 25 mg/kg, i.v.) and
ventilated with a respirator (Harvard Apparatus
Company, Millis, Mass.). Ventilatory tidal volume
was set at 15 mllkg; respiratory rate was kept con-
stant at 12 to 15/mm. Additional anesthesia was ad-
ministered throughout the experiment as needed.
To insure that ventilatory alterations induced by
hypercapnic acidosis did not influence renal water
excretion, we paralyzed all animals with succi-
nylcholine hydrochloride (0.5 to 1.0 mg/mm, i.v.)
for the duration of the experiment. Following induc-
tion of anesthesia, we inserted polyethylene cath-
eters into both renal veins and ureters through bilat-
eral flank incisions with a retroperitoneal approach.
Two catheters were placed in the aorta via the fem-
oral and brachial arteries, respectively, for continu-
ous monitoring of arterial pressure above and below
the renal arteries. Arterial pressure was measured
with transducers (Statham Instruments, Inc., Ox-
nard, Calif.) and recorded continuously on a multi-
channel recorder (Gilson). Arterial blood gases
were sampled frequently and measured on a blood
gas analyzer (Corning Scientific Instruments, Med-
field, Mass.). Catheters were also inserted into the
right atrium via an external jugular vein for the in-
jection of cardiogreen dye and into a limb vein for the
infusion of inulin, para-aminohippuric acid, and
fluids. To maintain renal perfusion pressure con-
stant, we inserted a Blalock clamp around the ab-
dominal aorta above both renal arteries, using a ret-
roperitoneal, translumbar approach. In most studies,
one kidney was denervated by surgically stripping
all visible nerves and adventitia from the renal ped-
ide and then applying 95% alcohol to the renal ped-
ide as previously described [4].
Following surgery, animals were administered
2.5% dextrose at 10 to 15 mI/mm for 60 to 90 mm to
produce stable, hypotonic urine flow. Thereafter,
2.5% dextrose was infused at a rate of 2 to 3 mI/mm
greater than urine flow. After completion of the
above surgery, we began an i.v. infusion of 0.9%
sodium chloride solution (0.5 mI/mm), containing
sufficient inulin and para-aminohippuric acid to
maintain plasma levels between 15 and 20 mg/100
ml and 1 and 3 mg/100 ml, respectively.
The experiments were begun 1 to 2 hours after
completion of surgery and stabilization of urine
flow. During the experiments, timed urine collec-
tions ranged from 5 to 10 mm, and arterial and renal
venous blood samples were obtained at the mid-
point of alternate urine collection periods. Cardiac
output was measured every other collection period
[15]. Hypercapnia was induced by the addition of
100% carbon dioxide, (1 to 2 liters/mm) to the intake
valve of the ventilator. Experiments were per-
formed according to the following protocols.
Group 1: Hypercapnic acidosis in dogs with intact
neurohypophyseal tracts. In these experiments
(N = 8), urine flow was allowed to stabilize, then
three control periods were obtained. Hypercapnic
acidosis was then induced over a period of 30 to 60
mm. In these studies, renal perfusion pressure was
maintained constant by use of the suprarenal aortic
clamp. After urine collections were obtahed during
hypercapnic acidosis, the carbon dioxide was re-
moved from the inspired air, and the animals were
allowed to equilibrate for 30 to 90 mm, after which
time three postcontrol collections were obtained.
Group 2: Hypercapnic acidosis in acutely hy-
pophysectomized dogs. To determine the physio-
logic significance of the increase in plasma arginine
vasopressin (AVP) observed in group-l animals, we
carried out experiments in acutely hypophysecto-
mized animals (eight dogs) in which the source of
endogenous AVP had been removed [16]. After
transbuccal hypophysectomy, all animals received
0.8 mg of dexamethasone i.v. and 0.8 mg i.m. Only
animals spontaneously exhibiting urine osmolalities
of less than 100 mOsm/kg H2O were used. The pro-
tocol was begun at least 2 hours following hypo-
physectomy and was otherwise identical to group-l
studies.
Group 3: Hypercapnic acidosis in dogs with intact
neurohypophyseal tracts and systemic blood pres-
sure maintained constant. To determine if the anti-
diuretic effect observed in group-i animals was due
to the effect of hypercapnic acidosis to lower the
mean arterial blood pressure (MAP), in these exper-
iments (eight dogs) we kept the animals at a con-
stant MAP. In this study following the control pen-
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Table 1. Effect of hypercapnic (Hyper) and metabolic acidosis on arterial blood gases, systemic hemodynamics,
and plasma arginine vasopressin
Pco2
mmHg pH
P02
mmHg
Pre Hyper Post Pre Hyper Post Pre Hyper Post
A. Group I (N = 8)
Mean 25 70 27 7.43 7.05 7.39 89 87 90
SEM 2 4 2 0.02 0.01 0.01 4 3 3
P <0.001 <0.001 <0.001 <0.001 NS NS
B. Group2(N=8)
Mean 25 74 26 7.45 7.07 7.42 79 76 81
SEM 2 3 2 0.02 0.01 0.02 3 4 4
P <0.001 <0.001 <0.001 <0.001 NS NS
C. Group3(N=8)
Mean 24 73 24 7.43 7.05 7.44 83 83 85
SEM 1 6 2 0.01 0.03 0.02 3 3 5
P <0.001 <0.001 <0.001 <0.001 NS NS
D. Group4(N=6)
Mean 22 21 — 7.39 7.07 — 92 97 —
SEM 2 2 0.01 0.01 4 4
P NS <0.001 NS
od, norepinephrine (0.08 to 0.15 pg!kgImin) was in-
fused i.v. as hypercapnic acidosis was induced. By
regulating the infusion rate of norepinephrine, we
did not allow the MAP to deviate by more than 5
mm Hg from the baseline value. Renal perfusion
pressure was again held constant. All animals were
allowed to equilibrate at a constant degree of hyper-
capnic acidosis and a constant infusion rate of nor-
epinephrine for 60 mm, at which time three urine
collections were obtained. Following these collec-
tions, the carbon dioxide and norepinephrine were
both discontinued, and animals were allowed to
equilibrate for postcontrol collections. In this group
of animals, a fourth period was obtained during
which all animals received only an infusion of nor-
epinephrine in an identical dosage to that received
during the hypercapnic period.
Group 4: Effect of a comparable degree of miner-
al acid acidosis on renal water excretion. To deter-
mine if the antidiuretic effect observed in group 1
animals was due to the decrease in arterial pH in-
duced by hypercapnia, we induced a comparable
degree of metabolic acidosis. In these studies (six
dogs), water diuresis was established in an identical
fashion to previous groups 1, 2, and 3. Following
control urine collections, isotonic hydrochloric acid
was administered at a rate of 1 mllkg/min i.v. for a
45-mm period. Dogs were again paralyzed so that
acute metabolic acidosis would not induce changes
in ventilation. After a 15-mm equilibration period,
three urine collections were obtained. To insure
that the solute and volume load of the administered
hydrochloric acid did not obscure the effect of aci-
dosis itself on renal water excretion, we adminis-
tered an identical solute load of normal saline to
three additional dogs during induction of hyper-
capnic acidosis, following a protocol identical to
that for group 1.
Group 5: Studies on the effect of hypercapnic
acidosis on the renal response to exogenously ad-
ministered vasopressin. These studies (14 dogs)
were carried out to determine if hypercapnic acido-
sis alters the renal response to vasopressin. Acutely
hypophysectomized, dexamethasone-treated dogs
were used. Immediately after obtaining urine sam-
ples for precontrol clearance measurements, we ad-
ministered an i.v. bolus of 100 mU of vasopressin
(Aqueous Pitressin, Parke Davis & Co., Detroit,
Mich.). After a 5-mm equilibration period, experi-
mental clearance periods were obtained. After the
effect of vasopressin on urine flow had dissipated,
we made postcontrol urine collections. We then
kept six dogs on room air, and we made eight dogs
hypercapnic. Thirty minutes after the last postcon-
trol urine collection, precontrol collection periods
were again obtained and were followed immediately
by a second bolus of 100 mU of vasopressin. As
before, clearance measurements were started with-
in 5 mm, and postcontrol clearance measurements
were obtained later after the effects of vasopressin
had disappeared. This protocol allowed the study of
the response to two separate injections of vasopres-
sin in six dogs with continuous normocapnia and in
eight dogs made hypercapnic before the second
vasopressin injection.
The analytical procedures and calculations used
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Carbon monoxide
liters/mm
Mean arterial pressure
mm Hg
Rena! perfusion
mm Hg
pressure Plasma aiginine vasopress
/2UIml
in
Pre Hyper Post Pre Hyper Post Pre Hyper Post Pre Hyper Post
3.9
0.4
<0.05
4.7
0.7
<0.05
3.8
0.4
147
5
<0.001
128
4
<0.001
150
4
124
5
NS
122
5
NS
123
5
0.24
0.15
<0.005
3.40
0.94
<0.005
0.26
0.10
4.1
0.6
<0.05
5.0
0.6
<0.01
3.9
0.7
143
7
<0.01
130
8
<0.005
146
7
117
4
NS
116
3
NS
117
3
0.12
0.06
NS
0.10
0.02
NS
0.10
0.01
4.2
0.4
<0.001
5.9
0.8
<0.001
3.9
0.4
150
5
NS
155
5
NS
154
6
126
1
NS
126
1
NS
125
1
0.22
0.05
<0.005
2.84
0.86
<0.005
0.18
0.07
4.4
0.3
NS
4.5
0.6
— 148
8
NS
149
7
— 133
5
NS
133
5
— 0.29
0.12
NS
0.53
0.22
—
in these experiments have been referred to else-
where [17]. Determination of AVP was performed
by radioimmunoassay as previously described [13].
Experimental data from collection periods within a
given group were analyzed with an analysis of vari-
ance. Paired data from innervated and denervated
kidneys were analyzed by the Student's paired t
test. Between group comparisons were done by an
unpaired t test.
Results
Effect of hypercapnic acidosis in dogs with intact
neurohypophyseal tracts (group 1, Tables JA. and
2A.). In these studies, as Pco2 was increased from
25 2 to 70 4 mm Hg (P < 0.001), a decrease in
pH (7.43 0.02 to 7.05 0.01, P < 0.00 1) was ob-
served as Po2 was maintained constant. This degree
of hypercapnic acidosis was associated with a
marked, reversible antidiuresis in both innervated
(urine osmolality, U0, from 107 22 to 510 110
mOsm/kg H20, P < 0.005) and denervated (Uosm
from 85 12 to 379 64 mOsmlkg H20,
P < 0.001) kidneys. Parallel, significant decreases
in free water clearance (CHo) were also observed.
Hypercapnic acidosis induced a decline in urine
flow rate from 4.4 0.6 to 0.5 0.2 mllmin (P <
0.005) in innervated, and from 5.0 0.4 to 1.4 0.4
mllmin (P < 0.005) in denervated kidneys. In this
group of animals, plasma AVP rose from 0.24
0.15 to 3.4 0.94 p.U/ml (P < 0.005) with hyper-
capnic acidosis and fell to 0.26 0.10 U/ml (P <
0.005) in the postcontrol period. Plasma osmolality
(Posm) values before, during, and following hyper-
capnic acidosis were 270 5, 271 5, and 268 5
mOsm/kg H20, respectively.
The antidiuretic effect of hypercapnic acidosis
was associated with a significant fall in MAP (147
5 to 128 4 mm Hg, P < 0.001) and a significant
increase in cardiac output (3.9 0.4 to 4.7 0.7
liters/mm, P <0.05) as renal perfusion pressure was
maintained constant. Hypercapnic acidosis was al-
so associated with significant reversible increases in
renal vascular resistance (RVR, 0.49 0.09 to
0.76 0.18 mm Hg/mllmin, P <0.01) and filtration
fraction (FF, 0.27 0.02 to 0.33 0.Ol,P <0.005)
and a reversible decrease in solute excretion (SV,
384 49 to 206 46 j.tOsmlmin, P < .0 1). The alter-
ations in RVR, FF, and SV with hypercapnic acid-
osis were not observed in paired denervated kid-
neys. GFR remained constant during hypercapnic
acidosis. Hypercapnic acidosis was associated with
a significant increase in hematocrit from 39 3 to
47 2% (P < .01) that fell to 39 3% (P < .01)
upon cessation of hypercapnia.
Effect of hypercapnic acidosis in acutely hy-
pophysectomized dogs (group 2, Tables lB and 2B).
To evaluate the physiologic significance of the in-
crease in plasma AVP levels observed in group 1
animals, we carried out these studies in acutely hy-
pophysectomized dogs in which the source of en-
dogenous AVP had been removed. In these ani-
mals, as Pco2 was increased from 25 2 to 74 3
mm Hg (P <0.001), pH fell from 7.45 0.02 to
7.07 0.01 (P <0.001). This degree of hypercapnic
acidosis was associated with a significant increase
in Uosm (81 9 to 133 27 mOsmlkg H20, P <
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Table 2. Effect of hypercapnic (Hyper) and metabolic acidosis on GFR, renal hemodynamics, and renal water excretion
GFR
mI/mm
Renal vascular resistance
mm Hg/mi/mm Filtration fraction
Pre Hyper Post Pre Hyper Post Pre Hyper Post
A. Group 1 (N = 8)
Innervated
Mean 45 38 46 0.49 0.76 0.57 0.27 0.33 0.29
SEM 5 6 5 0.09 0.18 0.12 0.02 0.01 0.02
P NS NS <0.01 <0.05 <0.005 <0.05
Denervated
Mean 49 47 47 0.53 0.53 0.57 0.30 0.33 0.30
SEM 7 5 6 0.09 0.09 0.10 0.01 0.01 0.02
P NS NS NS NS NS NS
B. Group2(N=8)
Innervated
Mean 36 36 37 0.53 0.49 0.58 0.29 0.32 0.31
SEM 3 6 3 0.06 0.06 0.05 0.03 0.02 0.01
P NS NS NS NS NS NS
Denervated
Mean 37 38 38 0.50 0.49 0.57 0.28 0.29 0.30
SEM 4 5 3 0.06 0.05 0.05 0.03 0.02 0.01
P NS NS NS NS NS NS
C. Group3(N=8)
Innervated
Mean 52 54 56 0.43 0.51 0.48 0.30 0.39 0.35
SEM 5 5 5 0.05 0.08 0.06 0.03 0.02 0.03
P NS NS NS NS <0.005 NS
Denervated
Mean 49 49 56 0.44 0.46 0.46 0.27 0.37 0.32
SEM 5 7 4 0.06 0.10 0.06 0.02 0.02 0.02
P NS NS NS NS <0.01 <0.05
D. Group4(N=6)
Innervated
Mean 42 35 — 0.48 0.63 — 0.25 0.27 —
SEM 6 3 0.05 0.06 0.03 0.01
P NS <0.05 NS
Denervated
Mean 47 34 0 0.45 0.63 — 0.26 0.26 —
SEM 3 3 0.04 0.06 0.01 0.01
P <0.005 <0.05 NS
0.05) and decrease in C1,0 (2.12 0.29 to 0.75
0.25 mllmin, P < 0.01) in innervated kidneys,
whereas no change in either Uosm (75 9 to 86 8
mosmlkg 1120, NS) or CHO (2.43 0.28 to 2.44
0.41 mllmin, NS) was observed in denervated kid-
neys. Urine flow rate with hypercapnic acidosis de-
clined from 2.7 0.3 to 1.1 0.3 mllmin (P < .01)
in innervated kidneys and did not change (3.3 0.4
to 3.3 0.6 mllmin, NS) in denervated kidneys. In
these animals, plasma AVP levels were 0.12 0.06,
0.10 0.02 and 0.08 0.01 1.tU/ml before, during,
and following hypercapnic acidosis. POsm values be-
fore, during, and after hypercapnic acidosis were
292 3, 293 2, and 290 4 mosrn/kg H20, re-
spectively.
In these hypophysectomized animals, hyper-
capnic acidosis resulted in changes in MAP, cardiac
output, and SV similar to those observed in
group-i animals. In contrast, however, to group-i
animals, hypercapnic acidosis did not induce signifi-
cant alterations in either RVR or FF in innervated
kidneys of hypophysectomized dogs. This may sug-
gest that AVP may be the factor causing renal vaso-
constriction in response to hypercapnic acidosis.
Hypercapnic acidosis was also associated with a re-
versible increase in hematocrit (45 2 to 49 2%,
P <0.001) that fell to 43 2% (P <0.001) during
the posthypercapnia period.
Effect of hypercapnic acidosis in dogs with in-
tact neurohypophyseal tracts and MAP maintained
constant (C. group 3, Tables / and 2). To determine
if the fall in MAP induced by hypercapnic acidosis
was responsible for AVP release in group-i ani-
mals, we carried out these studies in which MAP
was maintained constant throughout the experiment
by continuous norepinephrine infusion. As can be
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Table 2 continued.
Solute excretion
p.Osmlmin
Urine osmokility
mOsmlkgH20
Free water clearance
mi/mm
Pre Hyper Post Pre Hyper Post Pre Hyper Post
384
49
<0.01
206
46
<0.05
351
42
107
22
510
110
<0.005 <0.001
90
11
2.76
0.59
<0.005
—0.26
0.13
<0.001
3.09
0.72
426
61
NS
415
83
NS
399
58
85
12
379
64
<0.001 <0.001
86
11
3.12
0.47
<0.005
—0.15
0.28
<0.001
3.74
0.83
219
20
<0.05
143
18
<0.01
240
22
81
9
133
27
<0.05 <0.05
78
8
2.12
0.29
<0.01
0.75
0.25
<0.01
2.10
0.33
263
27
NS
238
36
NS
272
27
75
9
86
8
NS NS
75
7
2.43
0.28
NS
2.44
0.41
NS
2.73
0.30
411
37
NS
300
44
<0.01
456
36
98
10
468
91
<0.001 <0.001
96
7
2.35
0.44
<0.005
—0.14
0.29
<0.001
2.90
0.29
374
47
NS
323
59
<0.05
421
37
103
11
462
113
<0.005 <0.005
99
6
2.42
0.45
<0.001
—0.13
0.26
<0.001
2.67
0.41
227
10
<0.05
447
77
— 69
10
95
11
NS
— 2.64
0.40
NS
3.14
0.60
—
273
20
NS
458
87
— 70
7
92
11
<0.05
— 2.95
0.23
NS
2.96
0.56
—
observed in Table 1, the degree of hypercapnic
acidosis induced in these animals was equivalent to
that produced in the animals of groups 1 and 2. In
contrast to group-i animals, MAP (150 5 to 155
5 mm Hg, NS) was not significantly changed with
hypercapnic acidosis. In spite of the lack of change
in MAP, hypercapnic acidosis was associated with
a marked antidiuresis in both innervated (Uosm, 98
10 to 468 91 mOsm/kg H20, P <0.001) and dener-
vated (Uosm, 103 11 to 462 113 mOsmlkg H20, P
<0.005) kidneys. Hypercapnic acidosis in these an-
imals with MAP maintained constant was also asso-
ciated with a significant increase in AVP (0.22
0.05 to 2.84 0.86 U/ml, P <0.005). In these ani-
mals, the effect of hypercapnic acidosis on cardiac
output, FF, and SV was similar to that observed
in group-i animals. An increase in RVR with hyper-
capnic acidosis in innervated kidneys, however,
was not observed in this group of animals. In these
animals, Posm values were not significantly different
before, during, or following hypercapnic acidosis
(276 7, 278 7, and 271 5 mOsmlkg H20, re-
spectively). In these animals, hypercapnic acidosis
resulted in an increase in hematocrit from 47 2 to
53 2% (P < 0.005) that fell to 45 2% (P < 0.00 1)
after stopping hypercapnia.
To determine the effect of norepinephrine per se,
a fourth series of urine collections was obtained
following 30 mm of the same dose of norepineph-
rifle. This dose of norepinephrine was associated
with an increase in MAP from 154 6 to 182 6
mm Hg (P < 0.001). No significant associated
changes in cardiac output, Usm, CH2O, GFR,
RVR, FF, or SV were observed, however, with
norepinephrine alone.
Effect of a comparable degree of mineral acid
0E0
E
0
E
0
a,0
acidosis on renal water excretion (D. group 4, Tables
1 and 2). To determine if the antidiuresis induced
by hypercapnic acidosis was related to the effect of
hypercapnia to lower extracellular fluid pH, we in-
duced a similar degree of acidosis with isotonic hy-
drochloric acid infusion. In these animals, as pH
was lowered from 7.39 0.01 to 7.07 0.01 (P <
0.001), Pco2 and Po2 were maintained constant. In
contrast to animals with hypercapnic acidosis, min-
eral acid acidosis resulted in no significant increase
in Uosm (69 10 to 95 11 mOsm/kg H20) in in-
nervated kidneys and only a slight increase in Usm
(70 7 to 92 11 mOsm!kg H20, P <0.05) in
denervated kidneys. Mineral acid infusion was not
associated with significant alterations in CH,o in ei-
ther innervated or denervated kidneys. Plasma
AVP did not significantly increase (0.29 0.12 to
0.53 0.22 tU!ml) with mineral acid infusion. Posm
values before and following acid infusion were not
significantly different at 258 5 and 256 5 mOsm!
kg H20, respectively. Hematocrit values were con-
stant at 40% before and following acid infusion.
The effects of mineral acid infusion on GFR, FF,
and RVR were similar to the effects of hypercapnic
acidosis. In contrast to hypercapnic acidosis, how-
ever, mineral acid infusion resulted in a significant
increase in SV (250 15 to 452 82 j.Osm!min, P
< 0.05). Furthermore, it is possible that the fluid!
osmolar load (mean volume of hydrochloric acid in-
fused was 1,300 ml) administered would obscure
any antidiuretic effect of acidosis. Therefore, addi-
tional studies were carried out in three dogs in
which hypercapnic acidosis was induced following
administration of a volume of isotonic sodium chlo-
ride equivalent to the mean volume of hydrochloric
acid used in group-4 animals. In these animals, as
Pco2 was increased from 20 3 to 61 2 mm Hg (P
<0.001), pH decreased (7.48 0.09 to 7.07 0.04,
P < 0.05) and Po2 remained constant (88 2 to 87
4 mm Hg). With hypercapnic acidosis following this
saline infusion, U0sm increased (101 15 to 367
37 mOsm/kg H20, P < 0.001) and C,0 decreased
(2.77 0.44 to —0.30 0.09 mI/mm, P < 0.001)
equivalently to values observed in group-i animals.
In this group of animals, hypercapnic acidosis re-
sulted in no significant changes in MAP (154 6 to
139 8mm Hg), GFR(5i 5 to 50 5 mI/mm), FF
(0.34 0.02 to 0.44 0.02), RVR (0.52 0.05 to
500
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Fig. 1. Failure of hypercapnic acidosis to enhance the hydroosmotic effect of vasopressin. Each point represents the mean of three
clearance periods for each kidney.
Control Vasopressin Postcontrol Control Vasopressin Postcontrol
'I
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0.70 0.11 mm Hg/mi/mm), or SV (436 70 to 320
67 OsmJmin).
Effects of hypercapnic acidosis on renal response
to exogenous antidiuretic hormone in hypophy-
sectomized dogs (group 5, Fig. 1). Studies were
performed in hypophysectomized dogs to deter-
mine if hypercapnic acidosis alters renal tubular re-
sponse to vasopressin. The results are shown in
Fig. 1. In the control group of six animals, the first
injection of vasopressin increased Uosmfrom 80 6
to 490 22 mOsm/kg H20 (P < 0.001), which fell to
114 12 mOsm/kg H20 (P < 0.001). A second in-
jection of vasopressin in the same group of animals
increased Uosm from 102 ii to 454 43 mOsm/kg
H20 (P < 0.001), which fell to 124 16 mOsm/kg
H20 (P < 0.001).
In the experimental group (N = 8), the first injec-
tion of vasopressin (room air) increased Uosm from
73 10 to 490 78 mOsm/kg H20 (P < 0.001), val-
ues not statistically different from the control
group. Following induction of hypercapnic acidosis
(Pco2, 67 3 mm Hg; pH, 7.05 0.03), the same
dose of vasopressin increased urinary osmolality
from 150 38 to 454 84 mOsm/kg H20 (P <
0.001), values not different from the second injec-
tion in the control group. The slightly higher basal
Uosm (150 38 mOsm/kg H20) observed in intact,
innervated kidneys during hypercapnic acidosis
was due to the mild antidiuretic effect of hyper-
capnic acidosis seen in the absence of antidiuretic
hormone as described in group-i dogs.
Discussion
Previous studies have not clearly delineated the
effect of acute hypercapnic acidosis on renal water
excretion. In previous studies, associated abnor-
malities in Po2 and systemic and renal hemo-
dynamic alterations have not allowed clarification
of the effect of hypercapnic acidosis on renal water
excretion. In the present study, several experi-
ments were performed to delineate factors which al-
ter renal water excretion with hypercapnic acidosis.
The present study demonstrates that acute hyper-
capnic acidosis is associated with a consistent anti-
diuresis. This antidiuresis occurred in the absence
of significant alterations in Po2, renal perfusion
pressure, and GFR, factors known to affect tubular
fluid reabsorption [13, 18, 19]. Hypercapnic acido-
sis, however, was associated with significant in-
creases in FF and RVR in innervated kidneys, con-
firming the experiments of Norman et al[ll]. Thus,
intrarenal factors could not be entirely excluded as
contributing to the antidiuresis of hypercapnic aci-
dosis. An antidiuresis, however, was observed in
both innervated and denervated kidneys, suggesting
that the mechanism of the antidiuresis was not en-
tirely mediated by intrarenal factors or by renal
nerves. These results therefore suggested that extra-
renal factors primarily mediated the antidiuresis of
hypercapnic acidosis.
Since AVP release was a potential extrarenal fac-
tor that could result in hypercapnic acidosis anti-
diuresis, the effect of hypercapnic acidosis on
plasma AVP was examined. In all animals with in-
tact neurohypophyseal tracts in the present study,
acute hypercapnic acidosis was associated with a
consistent rise in plasma antidiuretic hormone lev-
els. Thus, acute hypercapnic acidosis appears to be
associated with AVP release. These results may ap-
pear to conflict with those of Farber et al [5], who
have demonstrated that, in man, chronic hyper-
capnia (Pco2, 62 5 mm Hg) without substantial
acidosis is not associated with elevations in AVP
levels. It is possible, however, that steady-state hy-
percapnia may not be a continuing stimulus to AVP
release.
Next, to determine the physiologic significance of
the observed increase in plasma AVP levels, we in-
duced hypercapnic acidosis in acutely hypophy-
sectomized, steroid-replaced dogs that had essen-
tially undetectable levels of AVP. Such hypophy-
sectomized animals often have lower levels of MAP
and GFR than do intact animals, but they have been
demonstrated to respond normally to exogenous
vasopressin [20]. Thus, this model has been used
successfully to delineate the role of endogenous
AVP in the antidiuretic response to a variety of
stimuli [13, 16, 20—22]. Furthermore, determination
of the effect of hypercapnic acidosis on renal water
excretion of the AVP-free state would also allow for
delineation of any intrarenal effect of hypercapnic
acidosis on water excretion.
In the present study, removal of the source of
AVP completely abolished the antidiuretic response
to hypercapnia in denervated but not innervated
kidneys. When renal nerves were left intact, hyper-
capnia was associated with a small, but significant,
reversible increase in Usm and decrease in urine
flow and CH,o. These findings suggest that renal
nerves partially mediate a mild intrarenal com-
ponent of the antidiuretic response to hypercapnic
acidosis. The majority of the antidiuresis, however,
appears to be mediated via AVP release.
To determine if the observed increase in AVP
levels in group-l animals was mediated by the fall in
systemic pressure induced by hypercapnia, we per-
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formed experiments in which an infusion of norepi-
nephrine was used to prevent the fall in arterial
pressure. In these animals, hypercapnic acidosis in-
duced an antidiuresis and release of AVP similar to
that observed in group-i animals. It is important to
emphasize that the dose of norepinephrine used was
not associated with either an antidiuresis or AVP
release when administered without concomitant hy-
percapnic acidosis, either in the present study or in
previous studies from our laboratory [20]. Thus, the
results of the present study demonstrate the hyper-
capnic acidosis results in release of AVP independ-
ent of alterations in MAP.
We next performed studies to determine if the
antidiuretic effect of hypercapnic acidosis was de-
pendent on a decrease in extracllu1ar fluid pH. In
these studies, hydrochloric acid infusion resulted in
a decrease in arterial pH similar to that observed
with hypercapnic acidosis. In spite of similar pH
values in these two groups of animals, no anti-
diuresis was observed in animals infused with hy-
drochloric acid. To insure that the fluid/osmolar
load administered with the hydrochloric acid in-
fusion did not blunt an antidiuretic response to
lowering arterial pH, we carried out additional stud-
ies. In these studies, a fluid/osmolar load (normal
saline) equivalent to that administered with hydro-
chloric acid did not alter the antidiuretic effect of
hypercapnic acidosis. These studies suggest that
extracellular fluid acidosis itself is not responsible
for the antidiuresis observed with hypercapnic aci-
dosis.
The nonosmotic pathway for AVP release with
hypercapnic acidosis has not been elucidated by the
present studies. It is of interest, however, that hy-
percapnic acidosis was consistently associated with
a significant, reversible increase in hematocrit. This
increase in hematocrit could have been due to
splenic contraction. Alternatively, sequestration of
circulating fluid with loss of plasma volume into in-
terstitial spaces could also elevate the hematocrit
and provide a nonosmotic stimulus for AVP re-
lease. Further studies are necessary, however, to
clarify both the mechanism of the increased hema-
tocrit and the nonosmotic pathway of AVP release
following hypercapnic acidosis.
Finally, studies were undertaken to determine if a
portion of the antidiuretic effect of hypercapnic
acidosis could be attributable to the effect of hyper-
capnic acidosis to alter renal tubular sensitivity to
AVP. These studies appeared to be important in
view of the suggestion of a previous study, that
metabolic acidosis through ammonium chloride
feeding resulted in enhanced renal tubular response
to AVP [23]. Alternatively, a number of studies in
anuran membranes suggested that acid conditions
inhibit the hydroosmotic effect of vasopressin [24-
261. In the present study, a model previously devel-
oped in our laboratory to study the relationship be-
tween prostaglandins and vasopressin was used
[27]. This model previously clearly demonstrated an
enhanced antidiuretic response to exogenous vaso-
pressin in the absence of prostaglandins [27]; but
using this model in the present study, we detected
no effect of hypercapnic acidosis to increase or de-
crease renal response to vasopressin. A recent
study of chronically hypercapnic conscious dogs
administered exogenous vasopressin has suggested,
however, that chronic hypercapnia may be associ-
ated with enhanced renal tubular escape from the
water-retaining properties of antidiuretic hormone
[28]. Thus, it does not appear that any of the anti-
diuretic responses to acute hypercapnic acidosis can
be attributed to enhanced renal tubular response to
AVP.
In summary, acute hypercapnic acidosis results
in an antidiuresis which can be disassociated from
decreases in MAP and extracellular pH, changes in
renal perfusion pressure, GFR, and alterations in
the renal response to vasopressin. The antidiuresis
of hypercapnic acidosis is associated with signifi-
cant increments in plasma AVP, as determined by
radioimmunoassay, and can be abolished in dener-
vated kidneys by removing the source of AVP, sug-
gesting this antidiuresis is predominately mediated
via AVP release. When renal nerves are left intact,
hypercapnic acidosis induces a mild antidiuresis in-
dependent of AVP. The afferent nonosmotic path-
way whereby hypercapnic acidosis stimulates AVP
release requires further study. Finally, if these stud-
ies are confirmed in conscious humans, they may
have special relevance to patients with chronic ob-
structive pulmonary disease who characteristically
experience acute exacerbations in their degree of
hypercapnia. During such episodes, these patients
may be particularly susceptible to water retention
and dilutional hyponatremia.
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